A complete, isostructural series of lanthanide complexes (except Pm) with the ligand TREN-1,2-HOIQO has been synthesized and structurally characterized by means of single-crystal X-ray analysis.
Crystal Structures
Single crystals of the resultant lanthanide complexes were grown by diffusion of water into solutions of the complexes in DMF. Unit cell determinations and further analyses revealed that all structures crystallized in the monoclinic system P2 1 /c with very similar lattice parameters (Tables 1 and 2) . Table 1 . Crystal data for lanthanide complexes (La-Gd) with TREN-1,2-HOIQO (1) . [La(1) The structures were readily solved by direct methods. All the complexes are isostructural, with the same polymeric nature that was previously reported for the cerium complex of 1. 9 The ligand chelates the lanthanide in a heptadentate fashion through three pairs of oxygen donors from the cyclic hydroxamic acid derivative 1,2-HOIQO and one bridging amide oxygen of a neighboring complex ( Figure 1 ). The coordination sphere is completed by a water molecule to give an eight-coordinate lanthanide center with an approximately trigonal-faced dodecahedral geometry (vide infra). 50% probability level) with atom numbering scheme. Hydrogens and the isolated water molecule are omitted for clarity. O7 is coordinated to a neighboring complex.
Structural Analysis

Isostructural Behavior
For the analysis of the lanthanide contraction and its ramifications, it is essential that the subjects of the study have the same or very similar structure to ensure that the nature of the lanthanide is the only changing parameter. In the literature on the lanthanide contraction to date, however, terms like "isostructural" and 'isotypical" have been used in a rather qualitative fashion, although there have been some efforts to develop a more quantitative measure for the similarity of coordination compounds. 11 For the investigation of the present series of lanthanide complexes, a shape measure approach was utilized based on the dihedral angles along the edges of the coordination polyhedron. As the reference polyhedron the gadolinium complex was chosen due to the central position within the lanthanide series. Table 3 shows the dihedral angles of all complexes as well as the shape measure deviation SM Gd relative to this standard. As can be seen in Table 3 , the structures vary subtly with the dihedral angles varying by as much as ca. 5° (e.g. along edge O7-O8). On average, the differences are small as expressed by SM Gd , which only shows a maximum variation of 1-2° for all complexes relative to the gadolinium species. The reasons for these deviations are not obvious but could be related to small ligand field effects or geometrical constraints imposed by the multidentate ligand (vide infra).
Ln-O Bond Lengths
As the next step, the decrease in Ln-O bond lengths was analyzed as evidence for the lanthanide contraction. In the complexes with TREN-1,2-HOIQO, all eight Ln-O bonds are independent, providing a rich source of structural data. Each bond length decreases by approximately 7-8% going from La to Lu in accordance with typical values for the lanthanide contraction (Table 4) . Table 4 . Bond lengths Ln-O in lanthanide complexes with TREN-1,2-HOIQO (1). While the general trend of decreasing distances with heavier lanthanide is seen in every case, the individual classes of bond lengths cannot be fit by a second-order polynomial as was proposed. 3 Figure   3 shows as an example the dependency of the bond length Ln-O10. 13 In effect, the force field of the ligand responds to the change in the average metal ion size to distribute the metal-ligand bond length changes, more in some and less in others. However the sum of all bond lengths Ln-O averages these deviations out and hence shows the expected even contraction. 14 The data shown in Figure 4 , were well fit by a weighted polynomial regression (with a weighting factor of σ That the lanthanide contraction follows a quadratic decay has been experimentally established by others, 3 but this dependency has not been derived from a theoretical model. The general reason for the decrease in ionic radii with higher atomic number is well known to be the increase in effective nuclear charge due to incomplete shielding of the (5s, 5p) electrons from the increased nuclear charge by the 4f
electrons. This phenomenon can be treated with the theoretical model that was introduced by Slater 16 and later modified by others. 17 That model utilizes a set of empirical rules for the shielding of the nuclear charge Z from electrons in a particular orbital by inner electron shells, expressed by a screening constant s. The atomic or ionic radius in the Slater model is at the maximum of the radial part of the outermost orbital which has the analytical form: In addition, the value for the ionic radius of La 3+ (x = 0) is:
From equations (3) and (4) follows:
Development of the corresponding Taylor series and termination after the third term gives an approximation for r(x):
The sum S(x) over all m Ln-X bond lengths can be written as the sum of all lanthanide ionic radii r (x) and all radii r L (x) of the ligating atoms: , the sum in (7) can be rewritten as:
From the equations (9), the screening constant can be determined by the following relationship:
Calculating k with the measured parameters c and b (Figure 4 ) of the present lanthanide series and a value for * 0 Z = 15.42 (5p electrons 17 ) yields:
The good agreement with the commonly accepted value for the screening constant of k = 0.69 for f electrons shows the validity of the presented model.
O-O Bond Lengths
Most of the investigations reported so far in the literature are limited to the analysis of the Ln-X bond lengths. However, for multidentate ligands there is a considerable constraint on the coordination geometry that must be addressed. In order to assess the behavior of the ligand in this respect, the change in the distances between the eight coordinating donor atoms was investigated (Table 5) . 
Generality
The (HD = 3, CN = 10). 20 These were chosen for several reasons. First, each series has at least ten members of structurally characterized members. Second, series no. 2-5 feature multidentate ligands with medium to high denticities (HD = {3, 7, 7, 8}) , different coordination numbers (CN = {7, 8, 9, 10}) , and include the most important coordinating atoms for lanthanide coordination (a variety of N and O donors, neutral and anionic). Third, series no. 1 (with only monodentate aqua ligands) functions as a prototype for an unconstrained coordination environment. In addition, it represents the only other complete series of structurally characterized lanthanide complexes.
These literature examples were subjected to the same analysis as just described. The findings are essentially the same as described in these sections, with small additional features: (1) The series [Ln(H 2 O) 9 ](EtOSO 3 ) 3 was used previously to establish the quadratic decrease in Ln-X (X = O). 3 In contrast, the complexes with multidentate ligands do not display this dependency in different classes of bond lengths Ln-X (X = N, O) or non-bonded distances X-X (X = N, O). (2) However the average Ln-X (X = N, O) and X-X (X = N, O) shows the expected quadratic behavior in all cases (Table 6 ).
13 Table 6 . Absolute and normalized parameters of the quadratic fits (y = a + bx +cx 2 ) for the lanthanide (Ln-X) and the coordination sphere (X-X) contraction of the series of lanthanide complexes (X = N, O). To be able to compare the different series with each other, the fit functions (y = a + bx + cx 2 ) were normalized by scaling the parameters by 1/a (Table 6, In addition, the relationship between average bond length ({Σ(Ln-X)}/CN) and average distance X-X ({Σ(X-X)}/number of edges of the coordination polyhedron) was analyzed as a different representation of the phenomenon summarized in Table 6 ( Figure 6 ). (Table 5 , last row) decrease over the lanthanide series (1-16%) illustrates this phenomenon.
Conclusion
In the course of this investigation we have shown: (1) [Ln(TREN-1,2-HOIQO)(H 2 O)] represents the first complete set of isostructural lanthanide complexes (La-Lu, except Pm) with a multidentate ligand.
(2) A quadratic decrease is seen in the sum of all distances Ln-X (X = N, O), even in complexes with multidentate ligands. This decrease is modeled successfully by Slater's model for calculating ionic radii. This result provides a rational analysis and prediction of the geometric features of multidentate ligands for the chelation of rare-earth metals.
Experimental Section
General
The lanthanide chlorides were purchased from commercial suppliers and used as received. The methanol used for the preparation of the metal complexes was HPLC-grade. Pyridine was distilled before use. DMF for the crystallizations was spectrophotometric grade. The elemental analyses were performed in duplicates by the microanalytical facility of the University of California, Berkeley. The syntheses and the analytical data for the ligand TREN-1,2-HOIQO, as well as for the cerium, europium, gadolinium, and lutetium complexes were reported previously. Hydrogen atoms (except for the two water molecules) were included but not refined. The hydrogen atoms of the water molecules could not unambiguously be assigned. Hydrogen atoms were positioned geometrically, with C-H = 0.93 Å for C arom -H groups, C-H = 0.97 Å for CH 2 groups, and N-H = 0.89 Å and constrained to ride on their parent atoms. U iso (H) values were set at 1.2 times U eq (C) for all H atoms.
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